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Abstract 

A dynamical description of the transitions between different backgrounds requires the existence 
of a background independent action which propagates the correct number of degrees of freedom and 
couples bulk supergravity to certain higher dimensional branes. We present classical equations for 
configurations that separate the world into regions with different flux parameters etc. and discuss 
the difficulties of trying to construct an action that describes the transitions between them within 
the framework of supergravity. 
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I. INTRODUCTION 



The realization that the solutions to the equations of string theory can give in four 
dimensions a large multiplicity of vacua (called the landscape) has led to much discussion as 
to whether there is a dynamical selection principle that picks one or a class of these vacua, 
or whether we simply find ourselves living in a universe where observers such as ourselves 
can exist. The former consists principally of arguments from quantum cosmology and seems 
to apply only to closed universes. In any case it is not clear that it can help resolve the 
cosmological constant problem. The latter goes under the name of the Anthropic Principle 
and it is not clear whether it is little more than a tautology. At best it may help resolve 
the so-called cosmic coincidence problem. In any case both approaches become meaningful 
only within a theory in which there is a mechanism by which the different universes can be 
realized. 

In this paper we will discuss dynamical processes in the landscape, by which transitions 
between vacua with different flux quantum numbers and difl'erent numbers of branes can 
take place Of course the landscape will also consist of different compactiflcation 

manifolds. Even if we restrict ourselves to Calabi-Yau compactiflcations there are of the 
order of 10^ manifolds with different numbers of two and three cycles. We do know that 
through conifold transitions one can change these topological numbers, but it is not clear 



that there is a dynamical process which describes this in string theory [25|. On the other 
hand it is widely believed that such a process does exist for changing flux quanta and the 
number of D-branes. Here we will be concerned with this. 

We will discuss only type IIB and IIA compactiflcations. Moduli stabilization issues in 
the heterotic and M-theory cases are less well understood. We will show that there are 
indeed classical configurations that describe a variety of transitions. However the processes 
involve the nucleation of various higher dimensional branes. These are branes which are 
magnetically coupled to the fields in the bulk theory. In the case of type IIB these will 
be 5-branes (either NSNS or RR) and in the case of IIA they will be 6- and 8-branes. The 
process however is essentially quantum mechanical. The existence of a classical configuration 
which divides space into two regions separated by a domain wall (i.e. the nucleated higher 
dimensional brane) by itself does not mean that the process of nucleation can take place. 
For this, at the very least, one should be able to construct an action for the bulk fields and 
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the brane. We attempt to do this here in the low energy (i.e. supergravity) limit of string 
theory. 

In type IIB we have an immediate problem in that the self-duality condition for the 
five-form field does not permit us to write a (Lorentz invariant) action. This problem is 
usually addressed by imposing the self-duality condition at the level of the equations of 
motion. We adopt this procedure tentatively (even though it is not a proper action for a 
quantum theory) and write down the coupling to three and five-D-branes and orientifold 
planes. We discuss in detail the classical equations and the transitions between flux vacua. 
We show how to construct a bulk action magnetically coupled to the five brane by using the 
phenomenon of anomaly infiow. However at the end of the day it turns out that this action 
is inconsistent with the self duality constraint. In other words although in the absence of 
the five-brane there is no inconsistency, once the five brane is introduced the equations of 
motion and Bianchi identities are inconsistent with the self-duality constraint. 

It might be thought that an alternative procedure would be to consider a non-Lorentz 
invariant action for type IIB since one is breaking the (10 dimensional) Lorentz invariance 
anyway. However the self-duality condition involves the metric, and an implementation of it 
which picks out the four directions of the external space will be dependent on the background 
geometry of the space. This is more than just a topological restriction to work in spaces of 
the form M4 x Xg, it depends also on the metric on M4. This is manifestly unsuited to a 
discussion of processes which change the background - in particular the cosmological constant 
is changed by these processes. It can hardly be over-emphasized that such a discussion must 



26|. 



necessarily be made only with a background independent formulation 

Since in the IIB case this problem might be attributed to the lack of a proper action 
even in the absence of the nucleated five-brane, it is reasonable to expect that there is no 
problem in IIA, where there is no such self-duality constraint. We discuss in detail the 
classical equations (Bianchi identities) that lead to fiux changing processes resulting from 
the nucleation of D6 and D8 branes. After some manipulations we find that it is indeed 
possible to construct a bulk action coupled to 6 and 8- branes for the massive IIA theory 
27| that is gauge invariant. However this action is explicitly dependent on the background 
fluxes. 

Now it could still be the case that although there is no semi-classical description, the 
complete formulation of string theory contains a quantum mechanical description of these 
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processes. On the other hand it seems to us that since it is assumed that classical flux 
compactification arguments that lead to moduli stabilization and the landscape, survive in 
the full string theory, the absence of a background independent semi-classical description of 
transitions might also survive. If that is so it would mean that each point in the landscape 
is simply a model and there is no need to ascribe any degree of reality to any of them except 
the one (if it exists) that contains the standard model with a tiny cosmological constant. 
On the other hand given that a classical configuration that divides space into two different 
regions does exist, it is arguable that the technical point highlighted in this paper will be 
overcome in the full string theory, and that a quantum process of brane nucleation of these 
higher dimensional branes is in fact allowed. 



II. STRING THEORY PROCESSES 



A. Type IIB 

A concrete framework in which such a discussion can be made is that of Kachru et al. [J| 
(see alsojsl). Here the nucleation of a NS5 branes that take the form of a 5*2 bubble wall 
in non compact four dimensions and sweeps out an S3 in the six dimensional Calabi-Yau 
manifold X, is discussed within the GKP context. The fiux constraint coming from the 
Bianchi identity for the five-form fiux is 

where H3{F3) are NSNS(RR) three form fiuxes x is the Euler character of the associated 
Calabi-Yau 4-fold in the F-theory context (alternatively the LHS is the contribution of 
orientifold planes in the purely six dimensional context). Assuming that that there is only 
one pair of crossed fiuxes (setting 27ia' = 1) 



([T]) becomes 



F3 = 27rM, Hs = -2ttK (2) 

A Jb 



^ = Ns-Ns-KM (3) 



The argument of Q| is that the nucleation of NS five-branes will change the fiux on 
the cycle dual to the one that's wrapped by the five brane K ^ K ± 1 so that by the 
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above equation the net number of D3 branes will change by M. So by such a transition one 
would expect a string theory realization of the BT process. Obviously this process explores 
only points on the landscape which all belong to a given F-theory compactification (or CY 
orientifold) but it is still important to establish whether this can actually take place and be 
described in semi-classical terms. 

Everything that was said above will have an S-dual counterpart. Clearly a dual process 
would be one in which a D5 brane (wrapping the B cycle) is nucleated so that M — ^ 
Mil with the number of D3 branes changing by ^K. Since D5 brane actions are better 
understood than NS five branes we will focus on this rather than its S-dual. Our aim is to 
see whether an action which describes these D3 brane configurations interpolated by a D5 
brane exists. 

Since the dilaton-axion system is irrelevant for our considerations let us freeze them by 
putting e'^ = 1 and Cq = 0. The form of the bulk action (for the gauge fields) is 

SiiB = 7^ / A *F, - A *Hs - ^Fs A *Fs] 

(2vr)^ Ja/io 4 2 2 

F,AF,AHs (4) 



1 1 



D 
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2 (27r)3 

The last (topological) term is integrated over a eleven disc whose boundary is the ten 
manifold Miq. In the absence of sources the integrand is closed due to the Bianchi identities 
(given below) so that the integral is independent of the particular disc over which the 
definition of the fields is extended, provided also that the integral over an arbitrary closed 
11-manifold is ((27r)'' times) an even integer (see for example Q]). The field strengths satisfy 
the Bianchi identities 

dHs = 0, dF^ = (5) 
dF, = H3A F3, (6) 

which are solved locally by 

= dB2 Fa = dC2 (7) 
F5 = dC, -HsA C2. (8) 

In the absence of sources or non-trivial F5 flux the last integral in the action can be 
written as 

^ CAF.AH^. 

Mio 
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The equations of motion and the self-duality constraint are 

d*F^ = F5AH3, * if3 = A F5, (9) 
F5 = *F5. (10) 

Note that the local solution to the Bianchi identities are RR fields which are related to the 



ones given in [3| by the substitution C4 — > C4 + |i?2 A C2 28||. The gauge transformations 
are as follows. 

6B2 = rfAi, = 0, (11) 

6C2 = dAi, 6C4 = -H3 A Ai, (12) 

6C4 = dAs. (13) 

The WZNW part of the D3 brane action is then the usual one 



r 

-'3 



/ [C4-C2AJ-2], (14) 
JW4 



(27r)3 
where 

J^2 = B2 + f2. (15) 

Here /2 is the world volume gauge field strength which under the gauge transformation ( ITTD 
transforms as 6/2 = dA, and /is = (27r)^g3 (^3 = ±1,0 for D3, an anti-D3 or no D3). (fT4l) 
is invariant under (lll|12|13p . If this is coupled to the bulk action (i.e. ^3 = ±1) then the 
Bianchi identity ([6]) is modified. The C4 equation of motion for the total action Sjjb + -^3 
and self-duality of F5 gives 

rfFs = H3AFs- 2iis56iM,o ^ W,) + . . . . (16) 

where the ellipses denote the contributions of orientifold planes (or D7 brane contributions 

n 

in the case of F-theory). However it was argued in footnote 6 of GKP [8'| that in deriving 
this from the action for the D3 brane, the topological term needs to be taken as half the 
value given in (fT4ll . This is related to the fact that because of the self duality of the D3 
brane the electric and magnetic couplings are identical. Thus in GKP the above relation is 
written as 

dF, = HsAFs- fxsSe {Mio ^ W,) + . . . . (17) 

This formula in fact plays a crucial role in the GKP analysis. It should be mentioned here 
that (as emphasized by GKP) the action is still supposed to be taken to be the sum of the 
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type IIB bulk action and the D3 brane action (i.e. without any relative coefficient such as 
a factor half). In particular GKP use the gravitational variation of the DBI part of the 
action in their analysis and of course the relation between the coefficient of that part (the 
tension) and the charge fis is fixed by supersymmetry. In fact it is easy to see that this 
is the equation that is consistent with the equation of motion for the RR C2 field. In the 
presence of the coupling to the three brane (fT4ll the first equation of ((91) is modified to 

d*F3 = F5AHs + /i3^2 A S<i{Mio ^ Wi) (18) 
Requiring consistency with (f = gives 

= dF5AHs + /igifg A 6e{M^o ^ W4) 

where we've used the fact that d!F2 = H^- Clearly this is consistent only with (flTl) . This 
justifies the choice made by GKP. What goes wrong with (fT6l ) is that it is really an equation 
of motion i.e. gives us from the Lagrangian d*F^, which does not confiict with (ITSl ) by itself. 
A (gauge invariant) Lagrangian cannot give inconsistent equations of motion! It is really 
the imposition of the self-duality constraint (fTOl) that creates a problem. Unfortunately this 
means that there is no (Lorentz invariant) Lagrangian formulation of the bulk action coupled 
to D3 branes that is consistent with self duality of the five form, even if the latter is imposed 
by hand at the level of the equations of motion. 

Now let us try to couple D5 branes to the bulk IIB action. First of all it should be 
emphasized that there is no way of coupling the six-form field Cq to the bulk action. There 
are two related problems in doing this. One could proceed as usual to dualize by introducing 
a Lagrange multiplier to switch the Bianchi identity and the EOM of the three form field 
C2 effectively replacing ± * F3 — > F7 = dCe + . . .. If one just had the kinetic term for Ce 
then indeed this would make sense and writing the coupled action as 

we would get the the equation of motion for Cq which would be the Bianchi identity for F3- 
namely, 

dFs = ±d*Fr = -fiMMio ^ W^e)- (19) 

However the problem is that this dualization cannot be carried out in the full IIB action. 
The C2 form cannot be removed from the action since it occurs explicitly (i.e. not just 
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through its curvature) in the (local) solution to the Bianchi identity for F5. Furthermore 
both C4 and C2 occur in the D5 brane action for precisely the same reason - namely gauge 
invariance. In fact a similar situation is encountered in trying to dualize the M-theory action 
to couple M5 branes and for a detailed discussion of the problems that one encounters in 
that case see 9|. The resolution is the same. We drop the higher form terms entirely from 
the action and simply impose the Bianchi identity. The dropped terms will then reappear 
in the bulk action as Dirac string terms. Let us see how this works in detail. 

The topological terms in the action for a D5 brane, in the form in which can couple to 
the above bulk action are, 



/is 



(2vr; 
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/ [-c,^J'2 + ^,C2^Tl] (20) 

Here /is = (gs = ±1,0 for D5, a D-bar 5 or no D5) and J-'2 = B2 + /2, as before except 
that now the field /2 lives on the world volume Wq. Note that we have omitted the / Cq 



29| we require that the 



term since this gauge field is absent from the bulk action. Instead 
Bianchi identity for C3 is changed from ([5]) to 

dFs = 2A-V554(Mio ^ W^e) (21) 

The coefficient in front of the delta function in the above will be fixed by gauge invariance. 
Both the topological term in the bulk action as well as that in the five brane action are now 
separately anomalous under the gauge transformation (fT3l ) which leaves the bulk action 
(IH) invariant in the absence of sources, i.e. with zero on the RHS of ( 12T1 ). In the eleven 
dimensional form of the topological term, the presence of the five brane means that the 
integrand of the topological term (the second line of ([4]) is ambiguous. We choose to fix this 
ambiguity by imposing gauge invariance of the combined system bulk plus brane. 

^top = TT^s I [^C, AFsAH; + A A H^] (22) 

where F3 obeys the Bianchi identity (l2Tl) and dF'^ = so that locally F3 = dC2- In fact 
we may write ^3 = ^3 + dj, where 6*3 (the Dirac string term) may be defined as the coexact 
solution to (l2T! ). Given this the second term is gauge invariant but because of (l2T! ) the first 
gives 

(27r)3 2y {27rrJw, ^ ^ 
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Let us now look at the gauge variation of the five brane action (l20l) . First note that under 
the B2 gauge variation 6/2 = —dAi so that JF2 is gauge invariant. So we have 

= TT^s / [-(^^3 -HsA Ai) + IdKi A 

In the last line above we used the formula 

dJ^2 = dB2 + dF2 = H3 (25) 

where in the last equality we used the Bianchi identity for the gauge field strength on the 
five-brane world volume. Thus the combined action S + of bulk JIB SUGRA plus the six 
brane is gauge invariant by the phenomenon of anomaly infiow. 

The coefficient A in (l2Tl) can now be fixed by requiring the consistency of the Bianchi 
identity for the five form field when the bulk is coupled to the five brane action fl20ll . Again as 
was the case in the coupling of the D3 brane, the C4 equation of motion (and the self-duality 
constraint) gives the wrong answer by a factor of two. The correct result is 

dF, = HsAFs + yU5^2<54(Mio ^We) + ... (26) 

since it must agree with (ITTl) when the D5 brane contains a dissolved D3 brane. In detail 
this may be seen by comparing the two equations after integrating over the six manifold and 
giving a unit magnetic fiux J^^ f2 = — 27r and using the relation /is = 27r/i5. Then consistency 
with d^ = (and the use of the formula dJ-'2 = H3) gives A = 2 in (l2Tll . So the Bianchi 
identity is 



dFs = fxMMio ^ We) (27) 

which is the same as (fTOl) if we choose the negative sign in the first equality. 

Suppose that the nucleated D5 brane wraps the spatial directions 5*2 x where the first 
factor is in the non-compact space and the last is a three (B) cycle in X. Integrating f l27l l 
over R X where the factor i? is a radial direction going from inside the bubble (whose 
wall is an S2) to the outside and is the cycle dual to , we get 

[ dF3 = A [ F3 = ±(27r) (28) 
9 



i.e. the RR flux ([2]) changes by one unit M — > Af ± 1 as one goes from inside the bubble to 
outside or vice- versa. 

Now let us consider the topological terms for the D3 branes. These branes have boundaries 
which are attached to the D5 brane. Now since the world volume has boundaries we have 
from f fT4l[T2l[T3ll 

^h = 7^^l (A3-AiA^2). (29) 



(2vr) 



If the boundary of this D3 brane lies on the D5 brane there is effectively a monopole on the 
D5 brane world volume wrapping an 6*3 cycle in X so that (i/2 7^ on the D5 brane world 
volume. Thus there is an uncanceled piece in the gauge transformation of Is, 

'^'"^5 = / (^3 - Ai A T2) A dh. (30) 

Now on the D5 brane we have 

Integrating this over the S3 in X wrapped by the D5 brane and using the fact that ^2 (unlike 
/2) is globally defined we have 



df2 = - H3 = 27rK, KeZ (31) 

S3 Jss 

Thus the monopole equation is 

df2 = 27iJ2<lMSs-^z) (32) 

i 

with 

J2q^^Ns-Ns = K (33) 

i 

where A'^3(iV3) are the number of D3 (D-bar3) branes ending on this D5 brane. Substituting 
(l32|l into (l30l) and using /is = 27r, fi-^ = (27r)^ we see that the gauge variation of the D3 
brane action is cancelled by anomaly inflow from the D5 brane. Thus we have shown that 
the total action 

ST = SnB + h + J2^^i (34) 

i 

is gauge invariant. 

The modified Bianchi identity (replacing (fTTI) and ([26]) is 

dF, = ifs A F3 + /i5^2 A 54(Mio PVe) - 5Z f^lk{Mio ^ Wl) + . . . (35) 
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where again the ellipses denote the contribution of orientifold planes (one may also have D3 
branes that do not end on the D5 brane). The relative coefficients of this Bianchi identity 
in fact cannot be altered. As seen above the relative coefficients of the second and the third 
term depends on the T-duality relation = 27r, and the relative coefficient and sign 

between the first and second terms is determined by gauge invariance. This may be checked 
by using the formula (f = and ((27D where the latter was fixed by the anomaly inflow 
argument. The point is that once the action is deflned to be (l34l) gauge invariance (and 
T-duality) fixes the Bianchi identity, and it cannot be modified on the grounds that the 
equation of motion for C4 needs to be modified because of self-duality. Integrating over the 
internal manifold X (and assuming for simplicity that there is only the one pair of crossed 
fluxes and only the D (Dbar) 3-branes that end on the D5 brane) we find Q. As observed 
above as one goes from the outside to the inside of the bubble M — > M + 1, so that (using 
fl33l) we have the (dual of the) phenomenon discussed in [J| of branes being replaced by fiux 
and vice-versa. 

Thus we might have had a representation in terms of an action for the BT process with 
the self-duality imposed at the level of the equations of motion, if not for the fact that the 
equation of motion for C4 in the coupled brane-bulk action and the self duality condition 
lead to a result that is inconsistent with the correct Bianchi identity. As far as we are aware 
there is no Lorentz invariant formalism that can fix this problem. 

B. Type IIA 

Flux compactification in type IIA string theory has been discussed by jl^jll|jl2|. As in 
the previous subsection we will try to write down an action that describes processes which 
describe transitions between different fiux vacua. Unlike the case of IIB there is no reason 
to expect a problem in this since there is no self duality constraint. 

The bulk action for the p-form fields is (again with 27ra' = 1 and a frozen axio-dilaton) 

S = -T^TTT^l / (^0 A *Fo + F2A *F2 + HsA *H3 + F4 A ^^4) 

F4 A F4 A H3] (36) 

11 

As befits a topological term the last one in the above expression is integrated over a 
disc whose boundary is the 10 Dimensional manifold dDn = Miq. It is independent of the 
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particular Du because the integrand is closed due to the Bianchi identities which are 



dHs = 0, dFo = 0, dF2 = FoHs, (37) 

dF^ = F2AH3. (38) 

The Bianchi identities are solved (locally) by 

F2 = dCi + F0B2, F4 = dC-i -H3AC1 + f 52 A B2, (39) 

Fq = niQ = const. (40) 

The gauge invariances of this system are as follows: 

SB2 = dAi, SCi = dAo - moAi, 6Cs = c/Ag - HsAq - mo^s A Ai. (41) 



In the JIB case the branes that can be electrically coupled were D3 and Dl branes. In IIA 
we can only couple D2 and DO branes. In order to couple higher branes we need to use the 
same trick as in the IIB case. For the moment we will ignore eight branes and D-particles, 
set mo = and write down the effective terms for D6, D4 and D2 branes. These are, 

with = "\/27rg, /i4 = (27r)^/^g, /i2 = (27r)^/^g, q = ±1,0. As in the IIB case there is an 
anomaly in these actions that has to be cancelled by inflow from the bulk 

= -777^/ A2 A J^2 A 6h = -jp-^ [ A2AHS. (45) 

Again there is at first sight an ambiguity in how the WZNW term can be split up, but as in 
the IIB case consistency of the Bianchi identities fixes this. The crucial identity is the one for 
F2 which can be fixed by T duality from the corresponding identity (l27l ) whose validity was 
established in turn by the consistency of the IIB equations with the self-duality constraint 
and anomaly infiow. Thus we argue that 

dF2 = f^MMio ^ W-r). (46) 
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Note that as in the IIB case this is precisely what we would have got if we just had a 
bulk action J Fs A *Fs coupled to C7 but as in that case it is not possible to have this 
in the IIA action given that we need also the lower rank forms. 

At least for trivial fluxes the topological term in (1361) can be rewritten as a ten dimensional 
integral 

Then as in the IIB case the ambiguity gets fixed with A = 2 (see discussion between ( !2Ti l 



and (l26l) ) so that the topological term gets split up as 

- ^ y C3 A F4 A ffs ^ - y C3 A F4 A i/a + ^ y C3 A A i/a, (47) 
where dF^ = F2 /\ and 

dF^ = /i6^253(Mio ^ W^) + ^^MMl^ ^ W^) + F2 A H3 (48) 

It is consistency with d"^ = and ([46l) that enabled us to fix A = 2 as in the IIB case. As 
before the source terms in (l48ll give an anomaly in the gauge transformation of (l47ll which 
cancels the anomaly of the D6 and D4 brane actions (l45l) . 

Let us now turn on Fq fiux. First let us discuss the corresponding processes by construct- 
ing a consistent set of Bianchi identities. Then we will investigate whether there is a bulk 
plus brane action to describe them. 

From the foregoing discussion the Bianchi identities in the presence of six branes (for 
simplicity we'll not introduce 4- or 2-branes) are changed from (137]) ([38D to 

dHs = 0, dF2 = H^Fo + J2 /"6'^3(Mio - W^), (49) 



dF, = i73 A F2 + V /i^^2'53(Mio ^ W^). (50) 



I 



Note that we have now generalized to a set of six-branes. Suppose the six-branes wrap the 
3+1 external dimensions and a three cycle (a) in the Calabi-Yau manifold X. Integrating 
the second of fl49l) over the dual cycle P we get (since F2 is globally defined) 

0= f dF2 = mo [ H; + y2fie (51) 



This relation was observed in 



12| . It tells us that if a net number of six branes wrapping a 



three cycle are present then we need to have non-zero Fq fiux and also put if3 fiux through 
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the dual cycle. Given the flux quantization 

H3 = 27vp, peZ (52) 





we get 

27rmop = V27rN (53) 

Note that this relation is only consistent if mo is quantized in units of l/v^27r a fact that can 
be established independently by coupling eight branes as we shall see later. In the context 
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of type r theory a similar result was observed in 

The interesting processes are those which changes the ten-form flux mo. These would 
change the ten dimensional cosmological constant and are caused by nucleated eight-branes. 
A consistent set of Bianchi identities in the presence of both eight and six branes is (hence- 
forth the wedge product symbol should be understood from the context) 

dFo = fxsSi, (54) 
dF2 = FqH-s + fi8^2Si + /ie^s, (55) 
dF^ = F2HS + fis^Si + hqJ^2S3 + fJ'Ak- (56) 

In the above 61 = 5i(Mio Wg), 63 = ^3(^10 Wr), 65 = 5^{Miq W^), where the Wi 
are the world volumes of the 8-, 6-, and 4-branes. Also /ig = g/v^27r, q = ±1,0. 

The consistency of these Bianchi identities can be easily checked by operating with the 
exterior derivative and using dJ^2 = H3. It should be noted that the existence of the eight- 
brane, signaled by the non-zero RHS of ( !54l) necessitates the eight-brane terms in the other 
two Bianchi identities. In passing we note that the system cannot accommodate a NS five 
brane since an equation of the form 

dH3 = MMio ^ We) 



would be incompatible with (!55i) (l56l) as the above consistency check depended on having 
dH3 = 0. 

Let us now consider the concrete framework for moduli stabilization in This has D6 



branes 06 planes and Fq, ^F^ and H3 flux. First consider the nucleation of an eight brane 
wrapping a two sphere 5*2 in non-compact space and the whole Calabi-Yau X in this set 
up. Integrating ( l54l ) over a line R going from inside to the outside of the 5*2 in the radial 
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direction, 



AFo = mr - < = f^8 = (57) 

V Zir 



This implies that mo is quantized in units of l/-\/27r in agreement with our earlier argument. 
Integrating ( l55ll over the the three cycle /3 that is dual to that wrapped by the six brane we 
get (after putting uiq = m/\/27r, meZ) equation ( 1531 ) rewritten as 

mp + iV = (58) 

where as before = Ndq — Nqq- In crossing the nucleated 8-brane domain wall m — > m± 1, 
so in order to maintain the above equation the number of D6 branes must change, 

N^NtP- (59) 

In attempts to create standard-like models from type IIA the gauge group comes from a 
stack of D6-branes. The above process will result in changing the gauge group. 

While this discussion shows that once six or eight branes are nucleated various interesting 
processes (which change fluxes and the number of branes) can take place, the nucleation itself 
is a quantum process and at the very least one should expect that there be an action that 
is able to describe this process. In the IIB case we argued that there is no consistent action 
essentially because of the self-duality problem even if we use the anomaly inflow argument. 
Above we showed that in IIA in the absence of Fq flux it is possible to get an action for 
six branes magnetically coupled to the bulk action by using anomaly inflow from the bulk 
to the brane. However as we've discussed above flux stabilization of moduli in IIA requires 
us to turn on Fq flux. Furthermore nucleation of eight branes will cause this flux to jump. 
So it is imperative to have an action that incorporates eight branes as well as six and four 
branes in the presence of non-zero Fq flux. Below we will try to construct such an action. 

The main problem is to write the topological term in the bulk action in such a way that, 
in the presence of sources, its anomalies will cancel the anomaly of the magnetically coupled 
higher dimensional branes, where the latter are written only in terms of the fields in the 
bulk action. The term in question is (see (l36l) ) 

As we mentioned earlier this term is well defined in the absence of magnetically coupled 
branes. In the presence of such sources however the integrand is not closed so we have to 
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find a way to define this term properly. In order to do so we will first reexpress this term 
(in the absence of magnetic couplings) as a ten dimensional integral by writing 



F4 = dCs - HsCi + + Fl dFl = 0, F2 = dCi, = dB^ + Hi (60) 

Here we have included a background fiux term for the four form (and we've renamed the 
background zero form fiux Fq = mg"*) and NS three form fiux. The stabilization discussed 



m 



12| actually requires both four form and NS three form flux but if we have both there 
will be extra (closed) terms which are necessarily eleven dimensional but will not affect the 
argument below. With the above we can write (after some algebra) the topological term as 

^•^ = -2iM' L = " LA^'"'^^' + + <''^' 

The ellipses indicate terms having a factor of which will not be changed in the presence 
of magnetic couplings to D-branes, so that we do not need their explicit expression for what 
follows. The gauge invariant expression for the coupling of RR fields to a p- brane is [l^ 



(2vr; 



|Ce-(/^+^^) + F,J2 7^-{Ty^2.+i(/2, a)}. (62) 



Here C is the formal sum of all the RR fields and u is the Chern-Simons form for the 
gauge field a. We are of course ignoring the gravitational anomaly contribution which is 
irrelevant to our discussion. In addition to the usual RR and NS transformations this action 
is invariant under the additional NSNS transformations that are present (see Appendix A) 
when there is constant zero form fiux (dFo = 0, Fq 0) 

6C = -Foe^'Ai. (63) 

As before since the bulk action does not contain the higher form fields we need to use the 
anomaly infiow mechanism to get a gauge invariant bulk plus brane action. Let us see how 
this works for the coupling of the D8 brane. Since the other branes are contained in this one 
it is sufficient to demonstrate the mechanism for this case. The first step is to rewrite (as 
with the other cases) the D8 action by removing the terms which are dependent on gauge 
fields of rank higher than four since these are not contained in the bulk action. The terms 



16 



which are removed are, 

Under RR and NSNS gauge transformations we have using (see Appendix A) 

5C9 = dAs - H;Ae - F'^^Ki, etc. (65) 
(and after some cancellations) the anomaly that needs to flow in from the bulk, 

Now the question is whether the bulk topological term can provide this inflow. As we 
discussed before the topological term (written as an 11-dimensional integral over a disc) is 
well deflned only if the integrand is closed. This is so because H3 is closed and the RR held 
strengths are dn closed. In the presence of magnetic sources (i.e. 4, 6 or 8-branes) however 
the RR held strengths are not dn closed. The question is whether the resulting ambiguity 
can be resolved so that the anomaly of the truncated D-brane action is cancelled. 

The unique way of doing this is to rewrite the topological term (in its ten dimensional 
form (l6Tl) as follows (ignoring terms involving H^) : 

Sto, = jT^s f l-CsHsF, + ICsH.Fi - \b,FIfI (67) 

+ \c^H,F'o§ - i^4Fo^f + F.F'o^ + {F^^^ + F^F^^] 

F4 , Fq , are taken to be the background values of these fluxes at inflnity (i.e. outside the 
nucleated D8-brane) and Fi is deflned as F^ = dCs - H3C1 + F^^ + Fl (see (EDI)). F4,i^2 
and Fq satisfy the Bianchi identities 

dFo = fisSi, dF2 - F0H3 = /ig^a^i (68) 
dF^ - F2HS = /i8^5i (69) 

So as was the case in JIB (see discussion after f l22D we may write (deflning 9i, z = 0, 2, 5 ) to 
be coexact solutions of the three Bianchi identities (168f69p 

Fo = F^ + ^0, F2 = dC, + 02, F, = Fi + 9,. (70) 
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The gauge transformations are given in (l4Tll . The non-zero right hand sides of these equations 
imply that there is an anomaly in the bulk topological term (l67l) given by 

?2 r3 r4 



[Iiry Jm^^ 21 SI 4! 

72 -772 d2 r3 d4 



= f [-H,aM - F'^^A, + F'T^^A, - F'^A,]5r. (71) 

{2ny JmJ 2! ° 2! 2! ° 3! ° 4! ^ ^ ' 

The delta function at the end just restricts the integral to the eight-brane world volume so 
that this is exactly equal to ( l66l ). In other words the anomaly in the source action coming 
from restricting the gauge fields to those that are present in the bulk lagrangian, is cancelled 
by anomaly infiow from the bulk. 

In spite of the cancellation of anomalies that we have demonstrated above, the action (in 
particular the topological term (1671 )) is not written in a background independent way. It is 
not clear that it is possible to do this in a Lorentz invariant fashion. This of course was the 
problem in the IIB case as well. However in the IIA case we do have an action with the 



bulk coupled to the higher dimensional 



Dranes that can be used to compute the quantum 



fluctuations around a given background |31|. 



III. CONCLUSIONS 



In this paper we have looked at the dynamics of transitions between difi'erent flux vacua 
(for a given Calabi-Yau compactiflcation). Our arguments imply that even though there 
are classical conflgurations that can divide the universe into different regions, with different 
numbers of branes and flux values, it is difficult to flnd a Lorentz invariant background 
independent supergravity action that includes the bulk theory and the nucleated higher di- 
mensional branes. This means that it is hard to see how to describe the quantum mechanical 
process that causes transitions between such regions. In other words it is not entirely clear 
that there is no superselection rule that forbids such transitions so that each point of the 
landscape is simply a different sector isolated from the rest. If this is true there is no need 
to assign reality to the whole landscape. In other words one might think that finding a 
standard model with a nearly zero cosmological constant etc. is really nothing more than 
just fitting the data. Philosophically this would be no different from what particle physicists 
were doing in the 70's and 80's i.e. GUT model building. 
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On the other hand unhke in these field theories, here there are classical configurations 
where the universe is separated by domain walls into regions with different values of the fun- 
damental constants number of generations etc. So it is conceivable that even though within 
the low-energy approximation we have not been able to find a quantum description of this 
brane nucleation process, in that a background independent Lorentz invariant supergravity 
action does not seem to exist, the full string theory may still admit such processes. For 
instance it is likely that, since the brane actions that we have been using are really valid 
effective descriptions only at scales which are long compared to the string scale, and the 
gauge invariance problems that we have highlighted occur at the locations of the branes, a 
proper string theoretic description of the brane (for instance as a soliton in a string field 
theory) should automatically take care of this problem. 
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Appendix A: The dual form of the IIA action 

In this appendix we will first discuss a formal self-dual action and then a dual form of the 
IIA action that might be suitable for coupling to the higher dimensional branes Define 
(for type IIA) the formal sum of forms 

5 5 

A = ^A2„_i, F = J]F2„ (72) 

n=l n=0 

with a similar sum over even (odd) rank gauge fields (field strengths) for type IIB. F 
satisfies the Bianchi identity 
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dF = H3F 

The usual form of the gauge fields (used in the text) is obtained by substituting A = e^^^C. 
Also (locally) we solve the Bianchi identities by 

F = {dA + Fo)e^ = dC - H3C + Foe^' . (73) 

The action is 

{2itYS=-1[ {\F\' + \Hs\') (74) 



2 JMio 

The RR gauge transformations are 6 A = dA, (A = J2ti=o ^2n) and the NSNS gauge 
transformations are 

5B2 = dAi, 5 A = -FqAi - rfAiA 
The corresponding gauge transformations for C are (with A = e^^A) 

6rrC = dA- HsA (75) 
6nsC = -Foe^^Ai (76) 



One may couple the branes to this as in (l62l) . This is of course gauge invariant (provided 
dFo = 0) . However this bulk plus brane action has too many degrees of freedom since it has 
both electric and magnetic terms which are dual to each other. To cut them down we need 
to impose the self duality condition 

F = (-1)'^*F 

at the level of the equations of motion. Note that we cannot put this in the action even for 
type IIA since if we did so there would be no dynamics for the gauge field A (see (l73l ) - in 
IIB of course this term would vanish because the wedge product of an odd form with itself 

n 

vanishes). As observed by the authors of [16|| this is not a proper action for the quantum 
theory since the latter must propagate only the physical degrees of freedom. 
A suggestion for such an action in {l^ is, 

{27r)'SiiA = -\ I {{Wz? + |Fo|' + \F2\^ + 1^41') - F^FA 

111 1 
I T? T? r2 772 T52 77 77 T53 I 77 77 734 772 rj5 

+ -^4-^2-02 - 3 2-^2 - 2-^^0-^4-02 + ^-^^0-^2-02 " 20 

- 2FodA9 + 2(F2 - B2Fo)dA7 - 2{F^ - B2F2 + ^5^^0)0?^} (77) 
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Here the field strength H3 = dB2, but the RR field strengths are taken to be independent 
"black box" fields. The Lagrange multiplier fields Ai are designed to enforce the Bianchi 
identities for these RR fields but they are also the fields which are supposed to be sourced 
by the higher dimensional branes. Under RR gauge transformations Fi are invariant and 

5Aq = dAs, SAy = dAfi, SA^ = dA^. 

The NSNS gauge transformations (and supersymmetry transformations) are realized only 
on the formal sum of all the form fields. 

This is however not a suitable action for our purposes. For instance If we couple an 
eight-brane the WZNW part of the action will be 

/8 = /i8/ {e-f'A-^aFo)=f^s [ {A, - Ajf^ + aA - A-M + . . .) (78) 

where as before /2 = da is the world volume gauge field strength which transforms as 
5/2 = —dAi, under NSNS gauge transformations. Note that this field cannot be set to 
zero in string theory. The important point here is that gauge invariance necessitates the 
presence of all the lower dimensional branes. The bulk action however is independent of the 
corresponding fields A3 and Ai and so variation with respect to these will only be consistent 
with the absence of eight branes. The same is the case for six-branes and four-branes. Thus 
this form of the action is not really suitable for coupling higher dimensional branes. 



Appendix B: A background independent action for II A 



In this appendix we discuss the work of Belov and Moore [15| - though in a mathematically 
unsophisticated fashion. Define (for type IIA) the formal sum of forms as in the previous 
appendix: 

5 5 
C = 5^C2.-i, F = ^F2„ (79) 

"° n n 

Write the bulk action for the RR gauge fields as (again setting the dilaton to zero) |17l.ll8l|. 
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{27i)^S = ~l [ {Fo * Fo + F2 * F2 + F4 * F4) (80) 
-I I {FoFio-F2Fs + F^Fe). (81) 



'Mio 
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Here all products are wedge products and the field strengths are required to obey the 
Bianchi identities 

dF - H3F = dnF = 0. (82) 

Locally, in the absence of sources, we have the solution ( l73l ). 

As it stands the above action is not well defined without choosing a Lagrangian subspace 
of the space of gauge fields which tells us how Fq, Fg, Fio are related to Fq, F2, F^. However 
in the absence of sources it is completely equivalent to the standard form of the action (l36l) . 
This is because the topological term in the action (with Mio = dDu) can be written as 

{27ifStop = -l [ d{FoF^o - F^Fs + F^F^) 

= — - / {FqH^Fs — H^FqFs — F2Hi,Fq +H3F2FQ + F4H3F4 

H^F^F^. (83) 



D 



11 



4J 

1 

~ ~2 

Here to get the second line we used the Bianchi identities. This is the usual form of the 
topological term. In the presence of sources the last expression is not well defined by itself 
since the integrand is not closed. The starting point (iSB is well-defined provided a choice 
of a Lagrangian submanifold is made. Now Belov and Moore introduce a "trivialization" of 
the D-brane current. Let us pursue an alternate strategy which illustrates the problems of 
trying to retain the usual formulation of the action. Doing the above calculation, using now 
the Bianchi identities with sources 

dHF=l (84) 

where 

5 

j = ^j2r~l, 
r=l 

we get the following additional terms in the last two lines of ( !83l ) : 

- ^ / (^loJi - Fsj3 + Fejs + F,jj - F2J9) • (85) 

Note that since dfj = the sources must satisfy dni = 0. Explicitly we have the following 
expressions for these sources 



jr3 jr2 



■^A ^3 ^2 

39 = f^S^Si - + fl4^65 - fi2J^2S7 + fJ'oSg (86) 
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where fip = (27r)^, and ^2 = -B2 + /2, with /2 = dai where ai is the world volume gauge 
field of D-branes which transforms as 6/2 = —dAi, under NSNS gauge transformations. Also 
62r~i is a delta function 2r — 1 form which has support on the 11 — 2r dimensional world 
volume of a 10 — 2r dimensional D-brane. The source action may then be written as 

(2vr)^/ = X: / (Ce-^^ - Fo|^a) = / (Cj - FoJ^ 7|^«5|9„2.) (87) 

where 6 = X]r=o /^8-2r'^2r+i and j = X]r=o(^-'-)^^2r+i- From the fact that locally on the 
brane we have (i73l) and that j satisfies the identity 

dj=dj + Hij = (88) 

we get d{Cj) = Fj — Cdj — Fqc^J = Fj — Fqc^J. Using also the explicit form of j (with 
the defining formal sum extended to 11 dimensions (r = 5) with jn = {e~-^^6)ii ) we get 



/= / Fj (89) 

Now if we add these source terms with half strength to the bulk action we have from (l85!) 

{27rf {Swz + ll) = -l f HsF.F^ - [ {F,jj - F2J9 - Fojn) (90) 

Thus the higher form fields have disappeared since the source terms are truncated (as in the 
anomaly infiow argument). The sum is of course manifestly gauge invariant and well defined 
(once a Lagrangian subspace has been chosen jl^) since we started from a ten-dimensional 
action which just depended on the curvatures, to which the local gauge invariant action fl87l) 
was added. However some comments are in order. Firstly the source terms cannot now be 
written as world sheet integrals anymore unless the coupling of the higher branes (D4, D6 
and D8) is turned off. Thus if /is = /^4 = /^2 = we have for the second term in ( l90l ) 

/ [l^2iF, - F2^2 + Fo^)5r + ^o(i^2 - -^2^0)59] 

= / [/i2(C3 - ^2C7i + Fo^)6j + fioiC, - Foa)6,] 

= [ {C,-T2Cr + FM) + / (Ci-Foa) 

But there is no corresponding world volume integral representation of the higher dimen- 
sional branes. This appears to be the price that has to be paid to have an action which is 
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independent of the base point in contrast to our previous discussion which had Dirac string 
singularities. In other words one can as in the text introduce particular solutions of dnF = J 
(trivializations of J) to rewrite the topological terms as integrals over the ten manifold Miq. 
This is what is done in - though in a very elegant geometrical fashion. They have also 
argued that the action is in some sense independent of this trivialization. 

It should be remarked that although the topological terms for the branes have been added 
with half strength flQOl) the DBI term must be added with full strength. It is only then that 
the usual (kappa invariant BPS) form of the brane action is obtained when coupled to the 
usual form of the bulk action with lower dimensional branes. In other words the bulk action 
( l80l)(i8T]) needs to be coupled to a brane action which is not manifestly BPS in that the 
charge is apparently half the tension. This is a reflection of the fact that some of the brane 
topological terms are hidden in the bulk topological term. 

The above discussion shows that it is not possible to write the standard form of the 
background independent bulk action with a coupling to higher dimensional branes unless the 
latter are written in a non-local form. As shown above for the lower dimensional electrically 
coupled branes it is possible to rewrite them in the local form, but not for the magnetically 
coupled branes. Of course the bulk action in the form (l80l)([8T]) coupled to the local action 
fl87ll is indeed in a background independent form, but it is not properly defined unless a 



Lagrangian submanifold is chosen 



15|. It is not clear that this can be done in a Lorentz 



invariant and background independent fashion. 
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